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Directional cell migration requires the establishment
and maintenance of long-term differences in struc-
ture and function between the front and back of
a cell. Here, we show that the microtubule motor
Kif1C contributes to persistent cell migration
primarily through stabilization of an extended cell
rear. Kif1C-mediated transport of a5b1-integrins is
required for the proper maturation of trailing focal
adhesions and resistance to tail retraction. Tail
retraction precedes and induces changes in migra-
tion direction. Stabilization of cell tails through
inhibition of myosin II activity suppresses the Kif1C
depletion phenotype and results in longer-lived tails
and higher directional stability of migrating cells.
Taken together, these findings indicate that the
maintenance of an extended, tense cell tail facilitates
directional migration. We propose a rear drag
mechanism for directional persistence of migration
whereby the counterforce originating from a well-
anchored tail serves to maintain directionality of the
force-generating leading edge of the cell.
INTRODUCTION
Cell migration is of vital importance during embryogenesis,
immune response, and wound healing, but also contributes to
pathological processes such as cancer metastasis, chronic
inflammatory diseases, and mental retardation (Ridley et al.,
2003). Migrating cells are asymmetric and maintain morpholog-
ical and biochemical differences between front and rear to
ensure directional persistence. The protruding front is character-
ized by actin polymerization in parallel filament bundles and
branched networks that form filopodia and lamellipodia, respec-
tively. In the cell body, actin fibers run largely parallel to the
migration direction (Rid et al., 2005) and myosin-II-mediated
contraction of these fibers pulls the cell rear forward. The forces
generated by the actin cytoskeleton are transmitted to the extra-
cellular substrate by adhesion structures, which have different
properties in different parts of the cell. Small clusters of trans-
membrane receptors, i.e., focal contacts, transmit propulsiveDevelopmentaforces to the extracellular substrate at the protruding front
(Beningo et al., 2001). Focal contacts are turned over rapidly as
protrusion progresses. However, a small proportion of focal
contacts matures into focal adhesions in response to forces
generated by actin and myosin. During maturation, adhesion
sites enlarge, elongate, increase the density of focal adhesion
components, and recruit additional factors (Geiger et al., 2009).
Focal adhesions are complex assemblies containing more than
150 different proteins that physically link the end of actin stress
fibers to extracellular matrix proteins (Zaidel-Bar et al., 2007).
Key components of focal adhesions are (1) transmembrane
receptors, such as heterodimers of a-integrin and b-integrin
that bind directly to extracellular matrix proteins, (2) talin that
links actin filaments to the cytoplasmic side of b-integrin, (3) vin-
culin, whose binding to talin triggers the clustering of activated
integrins, and (4) paxillin, a multidomain adaptor that recruits
structural and signaling molecules to adhesion sites (Brown
and Turner, 2004; Humphries et al., 2007; Hynes, 1992; Zhang
et al., 2008). Focal adhesions in the front of the cell are stationary
and serve as the anchorage points for cell locomotion (Balles-
trem et al., 2001; Beningo et al., 2001). Rear focal adhesions orig-
inate in small protrusion events at the cell rear, contain a 3-fold
higher density of integrins than stationary adhesions in the front,
and move by a treadmilling mechanism (Ballestrem et al., 2001;
Rid et al., 2005; Wehrle-Haller and Imhof, 2002). Rear retraction
occurs by contraction of actin stress fibers that are anchored at
front adhesions and pull trailing adhesions forward. Thus, cell
migration is achieved by coordination of actin polymerization,
myosin-mediated contraction, and force transmission by adhe-
sion sites at front and back of the cell (Ridley et al., 2003).
While microtubules are not directly involved in these
processes, many cell types require themicrotubule cytoskeleton
to support cell polarity and directional cell migration (Kaverina
and Straube, 2011). Dynamic microtubules control actin fila-
ment turnover and myosin contractility via Rac1 and RhoA
GTPase pathways (Krendel et al., 2002; Nalbant et al., 2009;
Waterman-Storer et al., 1999). Several microtubule plus end
binding proteins interact with IQGAP, a key regulator of actin
dynamics that recruits Arp2/3 and formins to coordinate local-
ized actin polymerization (Brandt and Grosse, 2007). Microtu-
bule depolymerization leads to global overstabilization of focal
adhesions (Bershadsky et al., 1996) and the repeated targeting
of focal adhesions by microtubules results in their disassembly
(Kaverina et al., 1999). Microtubules are more important to thel Cell 23, 1153–1166, December 11, 2012 ª2012 Elsevier Inc. 1153
Figure 1. Kif1C Is Required for Persistent Cell Migration
(A) Immunoblots of RPE1 whole-cell lysates transfected with siControl or siKif1C-1, 2, 3 and probed with antibodies against Kif1C and a-tubulin.
(B) Cell migration velocities of RPE1 H2B-RFP cells treated with siRNAs as indicated. n = 3 experiments with >500 cell tracks each. Data represent mean ± SD.
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Kif1C in Cell Migrationmigration of large cells, while being dispensable for the locomo-
tion of small cells (Kaverina and Straube, 2011). This is most
likely due to their function as intracellular transport tracks,
needed to efficiently deliver polarity factors to specific locations
at the cell edge. In migrating cells, the microtubule cytoskeleton
is usually asymmetrically arranged with the majority of microtu-
bules projecting toward the cell front (Miller et al., 2009). This
front-biased microtubule cytoskeleton supports the directional
transport of post-Golgi carriers, messenger RNAs, and recycling
endosomes to the cell front, thereby supporting cell polarity and
directional migration (Miller et al., 2009; Mingle et al., 2005;
Palamidessi et al., 2008; Yadav et al., 2009). Two kinesins,
microtubule plus-end directed motor molecules, have been
implicated in the turnover of adhesion structures. First, kinesin-
1 inhibition in frog fibroblasts leads to the enlargement of focal
adhesions, although microtubule dynamics and the targeting of
focal adhesions by microtubules are not perturbed (Krylyshkina
et al., 2002). Second, the microtubule-dependent regulation of
podosomes, specialized adhesion structures in human macro-
phages, requires Kif1C, a kinesin-3 (Kopp et al., 2006). The
factors these motors might deliver remain to be identified.
In this study, we investigate the role of Kif1C in migrating
human epithelial cells and find that Kif1C transports integrins
between the perinuclear recycling compartment and cell tails.
Disruption of this process leads to defects in the maturation of
trailing focal adhesions that fail to resist traction forces. This
causes cell tails to retract rapidly and frequently, with correlated
changes in migration direction. Kif1C-mediated transport of
integrins into cell tails is thus crucial for reinforcing trailing focal
adhesions and to support persistent migration directionality.
RESULTS
Kif1C Is Required for Persistent Cell Migration
To investigate a potential role of Kif1C in cell migration, we estab-
lished an RNA interference strategy in human retinal pigment
epithelial (RPE1) cells. Three RNA oligonucleotides (siKif1C-1,
siKif1C-2, and siKif1C-3) deplete Kif1C to more than 75% as
judged by immunoblotting of cell extracts (Figure 1A). To investi-
gate the effect of Kif1C depletion in migrating cells, we used an
RPE1 cell line that stably expressed H2B-RFP and imaged cell
migration on fibronectin at 10 min intervals for 6 hr. The nuclear(C) Tracks from control and siKif1C-1-treated cells during 6 hr randommigration. T
XY to improve clarity. Scale bar, 100 mm.
(D and E) Schematic representation of persistence analysis. Please see experim
(F) Average persistence length plotted against accumulated distance, according
SEM n as in (B).
(G) Ratio of Euclidian distance to accumulated distance, according to schema in (E
mean ± SEM.
(H) Contour plot showing relative frequency (color-coded) of persistence length ve
n > 500 tracks.
(I) Relative frequency of persistence length versus accumulated distance for cells
RNAi-protected Kif1CRIP-FLAG. n > 200 tracks.
(J) Immunoblots of U2OS whole-cell lysates transfected with siControl or siKif1C
(K) Average migration velocities of U2OS cells treated with control and Kif1C siR
mean ± SD.
(L) Average persistence length plotted against accumulated distance, according
mean ± SEM n as in (K).
(M) Ratio of Euclidian distance to accumulated distance, according to schema
represent mean ± SEM n as in (K).
Developmentamarker allowed efficient semiautomatic tracking of the cell
center. Treatmentwith siKif1C-1, siKif1C-2, and siKif1C-3 slightly
reduced migration speed (Figure 1B) and cell tracks appeared to
be less straight (Figure 1C). In order to quantitatively assess the
directional persistence of migration, we computed the persis-
tence length (i.e., component of accumulatedmigration distance
in starting direction) for each point on each track and plotted
against the total accumulated migration distance of the cell
center (see schematic in Figure 1D).We also determined the ratio
of Euclidian distance to accumulated migration distance for any
two time points on each track (Figure 1E). Both measurements
showed that all three Kif1C RNA interference (RNAi) oligos
reduced directional persistence of migration significantly, with
siKif1C-1 resulting in the most pronounced phenotype (Figures
1F–1H). Expression of an RNAi-resistant FLAG-tagged Kif1C
construct rescued the persistence phenotype of siKif1C-1-
treated cells significantly (Figure 1I), thus excluding off-target
effects and confirming that Kif1C is required for persistent cell
migration in the absence of external directional cues. Depletion
of Kif1C in human osteosarcomaU2OScells also reducedmigra-
tion speed and persistence (Figures 1J–1M) confirming the
relevance of Kif1C in human cells of different tissue origin.
Kif1C Stabilizes Cell Tails
To understand what might be causing the loss of persistence in
Kif1C-depleted cells, we analyzed the changes in cell shape over
time in our live cell imaging data.We realized that Kif1C-depleted
cells formed normal looking cell tails, but that these collapsed
frequently and rapidly. Furthermore, retraction and reformation
of cell tails appeared to be accompanied by changes inmigration
direction (Figure 2A;Movie S1 available online). To quantify these
phenomena, we measured tail lengths (as the distance from the
rear edge of the nucleus to the tip of the tail) over time. We found
that the maximum tail length per cell and the relative time cells
have a tail of more than 30 mm length was not altered (Figures
2B and 2C), but the lifetime of individual tails was reduced to
about 50% after treatment with siKif1C-1 (siControl: 129.6 ±
10.4 min; siKif1C: 71.2 ± 14.4 min, p < 0.005) (Figure 2D). Inter-
estingly, in a cell line stably expressing Kif1CRIP-GFP in addition
to endogenous Kif1C, we found that tail lifetime was increased
3-fold, and tail length was increased by 60% (Figures 2C–2F).
Depletion of the endogenous copy of Kif1C in this cell lineracks from four to five fields of view are superimposed and have been shifted in
ental procedures for details.
to schema in (D), for control and Kif1C-depleted cells. Data represent mean ±
), plotted over time for RNAi treatments as indicated. n as in (B). Data represent
rsus accumulated distance for cells treated with siControl or siKif1C-1,2,3.
treated with siControl or siKif1C-1 and coexpressing either just a FLAG tag or
-1 and probed with antibodies against Kif1C and a-tubulin.
NAs as indicated. n = 3 experiments with >50 cell tracks each. Data represent
to schema in (D), for control and Kif1C-depleted U2OS cells. Data represent
in (E), plotted over time for RNAi treatments in U2OS cells as indicated. Data
l Cell 23, 1153–1166, December 11, 2012 ª2012 Elsevier Inc. 1155
Figure 2. Kif1C Stabilizes Cell Tails
(A) Bright-field images of a siControl- and a
siKif1C-1-treated cell. Fluorescence of H2B-
RFP is superimposed in red. Green line highlights
the front, orange line the rear of the cell. Bar:
25 mm. Time indicated in minutes. See also
Movie S1.
(B) Fraction of time cells treated with siControl or
siKif1C-1 have a tail that reaches a maximum
of >30 mm length. n = 101 cells from three exper-
iments.
(C) Maximum tail length per cell during 6 hr
observation shown for RPE1 cells and a RPE1
Kif1CRIP-GFP cell line (indicated as Figures 1C–
1G) after treatment with siControl and siKif1C-1.
n = 63–101 cells from three experiments.
(D) Lifetime of individual cell tails in RNAi and
overexpression conditions as indicated. Only tails
that reached at least 30 mm were included in the
analysis. n as in (C).
(E) Immunoblot of the RPE1 Kif1CRIP-GFP cell line
after treatment with siControl and siKif1C-1 pro-
bed with Kif1C and a-tubulin antibodies. Arrows
indicate endogenous Kif1C (WT) and Kif1CRIP-
GFP (1C-G).
(F and G) Cell morphology of RPE1 cells, a RPE1
Kif1CRIP-GFP cell line (F) and U2OS cells (G) after
treatment with siControl and siKif1C. Cell outlines
are highlighted with cell fronts marked in green
and cell rears in orange. Scale bars, 50 mm.
(H) Fraction of cells that do not form a tail of more
than 50 mm length during 6 hr observation time in
RPE1 and U2OS cells treated with control and
Kif1C RNAi as indicated. n = 120–151 cells from
three to seven experiments.
(I) Lifetime of individual cell tails in control and
Kif1C-depleted U2OS cells as indicated. Only tails
that reached at least 50 mm were included in the
analysis. n = 75 cells.
(J and K) Tail length over time for one control (J)
and one Kif1C-depleted (K) cell. Mean ± SD of
duration of tail formation, maintenance and
retraction phases are shown on top of the graphs.
n = 42–49 cells.
(L) Tail formation and retraction speeds in control
and siKif1C-1-treated cells. n = 14–33 tails from
11 cells.
All graphs show mean ± SD. See also Figure S1.
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Kif1C in Cell Migrationreduced tail length and lifetime to values not significantly
different from control values (Figures 2C–2E). This indicates
that tail lifetime directly correlates to the amount of Kif1C avail-
able and suggests that a primary function of Kif1C is to stabilize
cell tails. Again, we confirmed that U2OS cells also require Kif1C
to stabilize cell tails (Figures 2G–2I).
Kif1C-Depleted Cells Fail to Reinforce Trailing Focal
Adhesions
We next asked why tails are unstable in Kif1C-depleted cells. To
approach this, we first analyzed the kinetics of tail formation and
retraction. We found that formation of tails occurred at a similar
speed in control and Kif1C-depleted cells, but that retraction1156 Developmental Cell 23, 1153–1166, December 11, 2012 ª2012speed was dramatically increased after treatment with siKif1C
(siControl: 1.28 ± 0.43 mm/min; siKif1C: 4.13 ± 2.69 mm/min,
t test p < 103). In addition, the time for which a cell manages
to maintain a stable tail length was significantly reduced in
Kif1C-depleted cells (siControl: 37 ± 33 min; siKif1C: 15 ±
26 min, t test p < 105) (Figures 2I–2K). These observations led
to the hypothesis that contraction forces exceed tail adhesion
strength in Kif1C-depleted cells resulting in premature and rapid
retraction.
Kif1C has been reported to interactwithmyosin IIA (Koppet al.,
2006), the motor that generates the contractile forces involved
in rear retraction (Vicente-Manzanares et al., 2009). Immunoblot-
ting showed that Kif1C depletion results in a reduction of myosinElsevier Inc.
Figure 3. Kif1C Is Required for the Matura-
tion of Trailing Adhesions
(A) RPE1 paxillin-GFP (Px) cells on fibronectin
crossbow patterns (Fn) adopt a fan shape. Scale
bar, 10 mm.
(B) Averaged images of 40 control and 40 Kif1C-
depleted cells as in (A). Scale bar, 10 mm.
(C) Quantification of mean Paxillin-GFP intensity in
a box containing the entire cell or a 103 10 mmbox
at the ‘‘rear’’ of the cell. n = 100 cells. Data
represent mean ± SD.
(D) Number of adhesion sites within the 10 3
10 mm box at the rear of control and Kif1C-
depleted cells, classified as focal complexes
(orange) if <1 mm and as focal adhesions (blue)
if >1 mm length. Each bar represents data from one
cell. Mean value for focal adhesion number is
indicated by dotted line. Insets show typical
examples. Scale bar, 3 mm.
(E) Time series of tail tip with focal adhesions
labeled with paxillin-GFP in control and Kif1C-
depleted cells as indicated. Retracting cell edge is
indicated with dotted line. Colored arrowheads
track individual adhesions. Scale bar, 5 mm. See
also Movie S2.
(F) Time series of a trailing focal adhesion labeled
with paxillin-GFP in control and Kif1C-depleted
cells. Adhesions are outlined in red. Frames shown
at 1 min intervals. Scale bar, 3 mm.
(G) Focal adhesion size (blue) and fluorescence
intensity (orange) plotted over time for a selection
of trailing adhesions (see Figure S2G for compar-
ison to front adhesions). The gray arrow indicates
the time when the retracting cell edge reaches the
adhesion site.
(H) Percent of adhesions that deform or disperse at
the end of their lifetime, i.e., a size increase or peak
of >0.1 mm2 accompanied by continued loss
of paxillin-GFP intensity. n = 35–95 adhesions
from two to three experiments. Data represent
mean ± SD.
(I) Percent of adhesions that respond to exposure
at the retracting edge with size increase and mean
intensity increase or maintenance (black), size
increase, but loss of paxillin-GFP fluorescence
intensity (orange), no size increase (white). n =
32–68 adhesions from two to three experiments.
(J) Percent of adhesions with a lifetime of 4 min
or less after exposure to the retracting edge.
n as in (I).
See also Figure S2.
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Kif1C in Cell MigrationIIA levels to about 50% (FigureS1D). A similar reduction inmyosin
IIA levels was achieved after transfection of siMyoIIA oligonucle-
otides (Figure S1D). However, tail lifetimes were increased and
directional persistence of cell migration was not affected
following this treatment (Figures S1E–S1H). This suggests that
the observed Kif1C depletion phenotype is probably not caused
by destabilization of Myosin IIA.
We next looked at cell adhesions. Asmigrating RPE1 cells vary
verymuch in overall shape, we used patterned substrate chips to
be able to quantitatively compare cells with a standardized
shape. We allowed an RPE1 cell line stably expressing paxillin-DevelopmentaGFP (to mark adhesion complexes) to adhere to Alexa 640-
fibronectin-coated crossbow patterns. This caused the cells to
adopt a fan shape that is reminiscent of a polarized migrating
cell (Figure 3A). Following fixation and staining with rhodamine-
phalloidin (to mark F-actin), we imaged 200 cells for each condi-
tion on a spinning-disk confocal and aligned all pattern-filling
cells using the labeled substrate pattern for image registration.
Comparing the averaged cell images showed that the
pronounced accumulation of focal adhesions in the ‘‘rear’’ was
largely absent in Kif1C-depleted cells (Figure 3B). Quantification
of the total cellular fluorescence of paxillin-GFP under bothl Cell 23, 1153–1166, December 11, 2012 ª2012 Elsevier Inc. 1157
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Kif1C in Cell Migrationconditions revealed no significant difference, while intensity in
a 103 10 mmbox at the cell rear was reduced to about 50% (Fig-
ure 3C). We find that the total number of adhesion complexes in
the 10 3 10 mm rear zone is increased in Kif1C-depleted cells,
but the majority of these are very small. Mature adhesions
(>1 mm length) were reduced to 72% of control values after treat-
ment with siKif1C (Figure 3D). Furthermore, the mean fluores-
cence intensity of paxillin-GFP was reduced in small as well as
large adhesions in Kif1C-depleted cells (Figure S2A). This
suggests that Kif1C depletion results in defects in adhesion
sitematuration and that this could be due to problemswith incor-
porating paxillin and possibly other focal adhesion components
into adhesion sites.
To further investigate this possibility, we looked at the dynamic
changes of adhesion sites in the tails of live RPE1 paxillin-GFP
cells. Trailing adhesions move forward by a treadmilling mecha-
nism to allow forward locomotion of the cell body while maintain-
ing resistive forces (Wehrle-Haller and Imhof, 2002). When we
compared the tracks of trailing adhesions, these appeared
more irregular in Kif1C-depleted cells; however, mean velocities
and total lifetimes of trailing adhesions were not significantly
different between control and Kif1C-depleted cells (Figures
S2B–S2E). Trailing adhesions are formed during small protru-
sions of the tail (Rid et al., 2005). During maturation, adhesion
sites at front and rear of the cell increased in size andmean inten-
sity in control cells (Figures 3E–3G and S2G). In Kif1C-depleted
cells, we frequently observed trailing adhesion sites to increase
in size, but drop in intensity (Figures 3E–3G and S2F), while front
adhesions are similar to control (Figure S2G). We quantified the
intensity changes from adhesion size and paxillin-GFP intensity
profiles for each positive size increment and find no significant
difference in front adhesions, but a strongly reducedmean inten-
sity increase in trailing adhesions in Kif1C-depleted cells
(Figure S2H). This is especially apparent at the end of lifetime
of trailing adhesions, which in more than 40% of cases was
accompanied with a size peak during continued loss of paxil-
lin-GFP signal (Figures 3F–3H). As focal adhesion sites are
thought to mature in response to forces, we determined the
response of adhesions after being caught up by the retracting
cell edge as this was expected to increase the load on a certain
adhesion site. As expected, 86% of focal adhesions in control
cells, respondedwith an increase in size, 87%of these increased
or maintained paxillin-GFP intensity (Figure 3I). Treatment with
siKif1C-1 or siKif1C-3 resulted in >2-fold more adhesions to
either not respond with a size increase or to increase in size,
but decrease in paxillin-GFP intensity (Figure 3I). Interestingly,
more than 96% of adhesions survived being at the edge for
more than 4 min in control cells, while this was reduced to
65% in siKif1C-1 and 84% in siKif1C-3 (Figure 3J; Movie S2).
These observations suggest that while in Kif1C depletion some
adhesions can still enlarge at normal rates, these adhesions
frequently fail to incorporate new material appropriately and
subsequently fail to respond to forward forces, causing a failure
of coordination between the adhesiveness and motion of the
contact and the forward progress of the cell.
Kif1C Transports Integrins
We next wanted to find out how Kif1C supports focal adhesion
maturation. Kif1C is a fast, microtubule plus end-directed motor1158 Developmental Cell 23, 1153–1166, December 11, 2012 ª2012that contributes to the anterograde transport of secretory vesi-
cles in neurons (Rogers et al., 2001; Schlager et al., 2010).
Antibody staining of endogenous Kif1C showed a pericentroso-
mal staining, consistent with previous reports (Schlager et al.,
2010). In addition, we found an accumulation of Kif1C in the tip
of long cell extensions in various cell types (Figure 4A). As
such Kif1C-positive extensions were usually on the opposite
side of the nucleus to the centrosome, these were likely marking
the tails of cells. To confirm this, we transiently expressed GFP
fusions of Kif1C in RPE cells and imaged migrating cells. Both,
N-terminal and C-terminal fusions revealed that Kif1C accumu-
lates in trailing cell extensions (Figure 4B; Movie S3). Treatment
with all three RNAi oligonucleotides targeting Kif1C reduced the
pericentriolar and tail tip localization, confirming the specificity of
the effect (Figures 4C and 4D). Live cell imaging suggests that
Kif1C-GFP starts to accumulate about 20 min after the onset
of tail formation and is reduced when the tail starts to retract
(Figures 4E and 4F). The time when Kif1C is present at the tip
of cell tails coincides with the period when the tail is maintained
and suggests a role for Kif1C in transporting cargo between its
two main localization sites, the pericentriolar region and the tip
of cell tails. The accumulations of Kif1C are dynamically turning
over with a half-life of 1 and 16 s for centrosome and tail respec-
tively as shown by fluorescence recovery after photobleaching
experiments (Figure 4G). Recording fluorescence loss of the
tail accumulation during photobleaching of a proximal section
of the cell tail confirms that Kif1C constantly moves through
the cell tail (Figure 4H). Moreover, we directly observed Kif1C-
GFP foci to move bidirectionally in the cell tail (Figure 4I).
Together with our data presented above, we hypothesized that
Kif1C could transport focal adhesion components into cell tails
to make them available during maturation of trailing adhesions.
The membrane-spanning integrins require transport in vesi-
cles to deliver newly made proteins to the cell membrane as
well as for delivery to and from the perinuclear recycling com-
partment (Caswell and Norman, 2006). The complex of a5b1-
integrin is one of the major linkers between cytoplasmic focal
adhesion components and fibronectin and crucial for embryo
development (Hynes, 1992; Yang et al., 1993). We therefore
tested whether a5b1-integrin is a cargo of Kif1C. Coexpression
of Kif1C-mCherry and a5-integrin-GFP showed colocalization
of Kif1C and a5-integrin in vesicular structures in the pericentro-
somal region as well as on vesicles moving in the cell body and
the tail (Figures 5A and 5B). When we stained the surface of
siControl or siKif1C-treated cells with antibodies against human
b1-integrin we found that Kif1C-depleted cells contained signif-
icantly less integrin on the cell surface (Figures 5C–5F). This was
likely due to reduced transport, as the protein levels of b1-
integrin remained constant (Figure 5G). To exclude that changes
in the underlying microtubule cytoskeleton affect integrin
transport, we stained fixed cells with tubulin antibodies and
analyzed microtubule orientation and growth dynamics in live
cell movies from EB3-tdTomato-expressing cells. These experi-
ments confirmed that there is no difference in microtubule
growth speed, growth phase durations, microtubule number,
or orientation in the tail between control and Kif1C-depleted cells
(Figure S3). To confirm that Kif1C transports a5b1-integrin into
cell extensions, we imaged RPE1 cells expressing a5-integrin-
GFP and recorded the frequency, speed and directionality ofElsevier Inc.
Figure 4. Kif1C Moves Bidirectionally in Cell Tails and Accumulates at the Distal Tail Tip
(A) Immunofluorescence of Kif1C and g-tubulin in RPE1, C2C12 and U2OS cells. Note Kif1C accumulation in the tip of the cell tail (arrow and inset). Cell outline
indicated in left panel. Scale bars, 20 mm and 5 mm in inset.
(B) Both N- and C-terminally tagged Kif1C-GFP accumulates at the tip of tails (arrows) in migrating cells. Cell outlines are indicated in red. Time in min indicated in
top panels. Scale bar, 25 mm. See Movie S3.
(C and D) Quantification of Kif1C signal in immunofluorescence staining of cells treated with siControl and siKif1C-1,2,3 at the centrosome (C) and in the tip of
tails (D). n = 80–84 cells. Error bars represent SD.
(E) Tail length (blue) and Kif1C-GFP intensity (orange) plotted over time for a cell transiently expressing Kif1C-GFP. Tail phases indicated by colored bars as in
Figures 2I–2J. Phase transitions are indicated by two-letter code.
(F) Timing of Kif1C-GFP tail accumulation and dispersal relative to beginning and end of tail formation and retraction phases. Tail phases are indicated as in (E).
Data show time differences for start (s) and end (e) of Kif1C accumulation and dispersal relative to reference points as mean ± SD n = 21 cells.
(G) Fluorescence recovery after photobleaching (FRAP) analysis of Kif1C-GFP turnover at the centrosome and the tail tip. n = 15–28 cells. Data represent
mean ± SEM.
(H) Fluorescence loss in photobleaching (FLIP) experiment. Bleached area in tail indicated by a gray box in schema on left. Normalized fluorescence intensity of
the Kif1C-GFP tail accumulation (green circled area) is plotted over time for different individual cells.
(I) Kif1C-GFP moves bidirectionally in the tail. Kymographs from lines as indicated in left image with orientation of microtubules indicated by (+) and () signs.
Scale bar, 10 mm.
Developmental Cell
Kif1C in Cell Migrationtransport in cell extensions. In control cells, we observed a5-
integrin-GFP-containing vesicles at a frequency of 0.039 ±
0.030 min-1 mm-2, 40% of which moved toward the cell body
and 43% moved into the tail at a velocity of 0.4 mm/s for both
directions (Figures 5H–5K). In Kif1C-depleted cells, the total
frequency of a5-integrin-GFP vesicles observed in cell tails
was reduced to 0.028 ± 0.017 min-1 mm-2. Furthermore, 48% ±Developmenta33% of these did not translocate at all (significant different
from control 13% ± 12%, p = 0.02). The fraction of integrin vesi-
cles that moved did so at velocities not significantly different
from control cells, although the occurrence of run lengths above
1.5 mm was markedly reduced (siControl: 34% ± 22%, siKif1C
12% ± 11% of runs are >1.5 mm, significant different (p = 0.03);
Figures 5L and 5M). As our RNAi treatment did not completelyl Cell 23, 1153–1166, December 11, 2012 ª2012 Elsevier Inc. 1159
Figure 5. Kif1C Transports a5b1-Integrins
(A) Colocalization of a5-integrin-GFP and Kif1C-mCherry in the perinuclear region. Cell membrane and nucleus are outlined. Arrow indicates vesicle whose
movement is shown in (B). Scale bars, 10 mm and 2 mm in zoomed section.
(B) Kymograph of a vesicle positive for a5-integrin-GFP and Kif1C-mCherry moving bidirectionally. Main orientation of microtubules indicated by (+) and () signs
(see also Figure S3).
(C) Immunostaining with b1-integrin antibodies (green) on the cell surface of control and Kif1C-depleted cells. Control cells express H2B-RFP. Stitched image
generated from four fields of view. Scale bar, 20 mm.
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Kif1C in Cell Migrationremove Kif1C from cells (Figures 4C and 4D), the residual integrin
transport activity is likely to be mediated by remaining Kif1C
motors. Thus, we conclude from these findings that Kif1C is of
crucial importance to transport a5b1-integrins into long cell
extensions such as the cell tail and thereby ensures sufficient
supply for reinforcing focal adhesions to resist traction forces.
To exclude that an additional cargo of Kif1Cwouldmediate tail
stability, we targeted integrin transport independently of Kif1C.
Rab11 has been shown to be required for a5b1-integrin recycling
(Powelka et al., 2004). Kif1C-mCherry and Rab11-GFP colocal-
ize in the pericentriolar area (Figure S3G). Depletion of Rab11a
results in reduced tail lifetimes, thus mimicking the Kif1C deple-
tion phenotype (Figures 5N–5P and S3H). Likewise, depletion of
a5-integrin reduced tail lifetimes to about 50% of control values
(Figures 5Q, 5R, and S3H), supporting the idea that tail instability
in Kif1C-depleted cells is due to reduced integrin supply at the
trailing edge of the cell.
Tail Retraction Correlates to Changes in Migration
Direction
We next asked how tail instability affects directional persis-
tence of migrating cells. Observing RPE cells migrating on
fibronectin suggested that tail retraction coincided with direc-
tional change in control and Kif1C-depleted cells (Figures 6A
and 6B). To test this idea, we plotted the frequency of direc-
tional changes of >40 at different time lags from the middle
of tail retraction phases. This showed the highest probability
of directional change at +25 min, while the lowest probability
was at 25 min (Figure 6C). This indicates that tail retraction
precedes directional change. The shorter tail lifetime in Kif1C-
depleted cells results in a higher frequency of tail retractions
and correspondingly reduced directional persistence. To
further test any causal relationship between tail retraction and
directional change, we attempted to modify tail stability inde-
pendently of Kif1C. First, we increased tail stability by inhibiting
contractility in the cell rear using Y-27632, a compound that
targets Rho-associated kinase p160ROCK and thereby limits
myosin IIB accumulation in cell tails (Kolega, 2003). As ex-
pected we found increased tail lifetimes in control and Kif1C-
depleted cells when treated with Y-27632 (Figures 6D and
6E). Importantly, increase in tail stability resulted in increased
speed and directional persistence of cell migration (Figures
6F and 6G).(D) Mean intensity of cell surface-exposed b1-integrin on control and Kif1C-de
samples as in (C) with H2B-RFP cells used once for siControl and once for siKif1
(E) Mean intensity of surface-exposed b1-integrin on U2OS cells treated with co
(F) FACS analysis confirms surface integrin reduction in Kif1C-depleted RPE1 ce
(G) Immunoblot of whole-cell lysates shows that total protein levels of b1-integri
(H) Schematic representation of areas used for integrinmotility analysis. Gray box
to generate kymographs of a5-integrin-GFP movements in the tail in control and
(I) Frequency of observed vesicles showing net movement >1 mm in (+) and ()
direction during 90 s observation time. n = 131–135 kymographs from eight cells
(J and K) Distribution of velocities >0.1 mm in (+) and () direction as indicated in (
(L and M) Distribution of run length in (+) and () direction as indicated in (H) in s
(N) Immunoblot confirming depletion of Rab11a in RPE1 cell extracts. a-tubulin a
(O) Surface integrin levels in control and Rab11a-depleted cells. n = 125–319 ce
(P) Lifetime of cell tails that reach >30 mm length in cells treated with siControl a
(Q) Surface a5-integrin levels determined by immunofluorescence staining in cont
(R) Lifetime of cell tails that reach >30 mm length in cells treated with siControl a
See also Figure S3.
DevelopmentaTo directly test the importance of tails in migration, we next
induced tail retraction using laser ablation of retraction fibers in
GFP-actin-expressing cells. Successful tail retraction was
usually accompanied by loss of protrusive activity. Repolariza-
tion occurred with formation of a new tail and protrusion in the
opposite direction (Figure 6H). In some cases we saw a ‘‘rescue’’
of the retracted tail and no change of migration direction.
However, 74% of cells showed formation of a new tail and
a directional change of more than 20 (Figure 6I). These data
support the idea that cell tails and tail stability contribute to direc-
tional persistence of cell migration.
DISCUSSION
Drogues provide directional stability to spacecrafts during atmo-
spheric re-entry and boats in heavy weather by producing drag
at the rear. Here, we propose that drag produced by an extended
cell tail is an important mechanism for directional control of
human epithelial cell migration. It has been proposed that cell
migration is a cyclic process that begins with the polarized
extension toward a migration-promoting agent and ends with
the rear of the cell detaching to allow forward movement (Ridley
et al., 2003). For cells moving toward a chemoattractant, the
model of front protrusion governing the direction of migration
is well supported. However, in the absence of guidance cues,
cell symmetry tends to be broken by forming the cell rear first
(Cramer, 2010). In keratocytes, this is thought to occur by
myosin-II-mediated retraction of the rear, which sets up the
typical ‘‘D’’ shape with a wide protruding lamella at the front
(Yam et al., 2007). In fibroblasts, the alignment of actin stress
fibers in the cell body triggers cell polarization (Mseka et al.,
2007; Rid et al., 2005). As the formation of actin bundles is linked
to the formation of trailing adhesions, the formation of the rear
precedes front protrusion in such circumstances (Rid et al.,
2005). It has been previously observed that elongation of cell
rears by activating myosin II using a phosphomimetic mutant
of myosin light chain results in increased migration speed
(Vicente-Manzanares et al., 2008). We now show that directional
changes correlate with tail retraction and that a tense cell tail
supports directionally persistent cell migration. Shorter tail life-
time increases frequency of directional changes, while inhibition
of tail contractility prolongs tail lifetime and results in directionally
persistent migration. We propose that extended cell tails canpleted cells. Graph shows combined data from 2 experiments on mixed cell
C treatment. n = 28–36 cells. Error bars represent SD.
ntrol and Kif1C siRNA as indicated. n = 20 cells. Error bars represent SD.
lls. n = 10,000 cells.
n are unchanged after depletion of Kif1C.
indicates bleached area. Red sections of the tail were used to draw parallel lines
Kif1C-depleted cells.
direction as indicated in (H). Stationary vesicles translocated <1.5 mm in any
. Error bars represent SD.
H) in siControl- and siKif1C-treated cells. n = 122–159 vesicles from eight cells.
iControl- and siKif1C-treated cells. Note y axis is logarithmic scale. n as in (K).
s loading control.
lls. Data represent mean ± SEM.
nd siRab11a-1 and Rab11a-2. n = 50 cells. Data represent mean ± SEM.
rol and a5-integrin-depleted cells. n = 21–25 cells. Data represent mean ± SEM.
nd sia5-integrin. n = 50 cells. Data represent mean ± SD.
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Figure 6. Tail Retraction Precedes Directional Change
(A) Images of a control cell that retracts its tail and then forms a new tail in a new direction. Bright-field images with superimposed fluorescence signal of H2B-RFP
in red, the front of the cell is highlighted in green, the rear in orange. Time is indicated in minutes. Scale bar, 50 mm.
(B) Example of tail length (coded asmarker size, see legend) andmigration direction over time for two control cells and a Kif1C cell. Time difference between data
points is 10 min. The track start is highlighted with a triangle to specify migration direction along the track.
(C) Correlation analysis of tail retraction and changes inmigration direction in control cells. The graph shows the frequency of directional changes of >40 in 10min
at different time lags relative to the midpoint of retraction phases (orange bars) or for reference all time points (blue bars). Mean ± SD of data from three
experiments with 15–20 cells each and a total of 1,872 time increments.
(D) Bright-field images of cells treated with control or Kif1C siRNA in the presence or absence of 5 mMY-27632. Cell outlines highlighted, fronts indicated in green,
cell rears in orange. Scale bar, 50 mm.
(E) Treatment with 5 mM Y-27632 increases tail lifetimes in control and Kif1C-depleted cells. n = 50 cells. Data represent mean ± SD.
(F) Y-27632 increases cell migration velocity in control and Kif1C-depleted cells. n > 450 tracks. Data represent mean ± SD.
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Kif1C in Cell Migrationstabilize directionality of cell migration by serving as a memory
device that provides physical drag on the cell in the direction it
came from. This establishes a force-feedback resulting in the
alignment of actin fibers between the protruding front and the
tail anchor of the cell, which, in turn, allows the alignment of other
filament systems. Polarized actin and microtubules allow direc-
tional transport that further supports and reinforces the polarity
axis (Figure 7A).We find evidence formisalignment of actin fibers
in Kif1C-depleted cells (Figures S2I–S2O), which could be
caused by a failure of tail adhesions to organize these (Rid
et al., 2005). Long cell tails also result in an elongated cell shape
that might allow formation of more stable biochemical gradients
with a stronger difference between front and rear biochemistry,
which, in turn, supports cell polarity. Rear retraction, especially
if occurring as rapidly as in Kif1C-depleted cells, would destroy
gradients and cause mixing of front and rear biochemistry (Fig-
ure 7B). It is likely that any subsequently established polarity
axis would have a different direction. Thus, tail retraction causes
loss of polarity, because tail reformation can occur in a different
position, causing the cell to change direction. We provide direct
evidence for this in laser ablation experiments (see Figures 6H
and 6I). It is clear that extended cell tails are under tension,
and that tension can influence the persistence of leading edge
migration. We speculate that directional tension originating
from the cell tail provides a cue and a control signal to govern
the progress direction of the leading edge of the cell (Figure 7C).
A relatedmechanism has been shown to be involved in collective
cell migration: application of pulling forces on cadherin
adhesions in Xenopus mesendoderm cells induces protrusion
in the opposite direction of the applied force (Weber et al.,
2012). Thus, drag at the cell rear is a mechanism for directional
guidance employed in single cell and collective migration.
Our findings suggest that a balance of rear contractility and
adhesion strength governs tail stability and thus regulates rear
drag. Further work is required to understand tail dynamics and
the exact mechanisms by which extended tails support cell
polarity.
Our data show that Kif1C-dependent transport of integrin is
crucial to maintain extended cell tails. However, our immunoflu-
orescence staining as well as imaging of a5-integrin-GFP does
not suggest a preferential accumulation of integrins in the
cell tail. Focal adhesions are constantly built and require rein-
forcement at the protruding edge as well. So why is Kif1C deple-
tion affecting cell tails primarily? We propose that trailing
adhesions are more dependent on readily available integrin
due to their structural and dynamic differences to stationary front
protrusions. Trailing adhesions contain a 3-fold higher density of
integrin than stationary adhesions in the front of the cell (Balles-
trem et al., 2001). In addition, integrin turnover is much more
rapid in trailing adhesions, as their forward movement requires
continuous incorporation of new or recycled integrin at the
proximal end and integrin internalization at the distal end of
adhesions (Ballestrem et al., 2001; Wehrle-Haller and Imhof,(G) Contour plots showing relative frequency of persistence length versus accumu
of Y-27632. n > 150 tracks.
(H and I) Tail retraction induced by laser ablation of retraction fibers in RPE1 G
direction before ablation and after repolarization is indicated by arrows in (H). An
20 mm.
Developmenta2002). Thus the maturation and maintenance of trailing adhe-
sions strongly depend on a ready supply of integrins (Figure 7D),
and this, in turn, depends on Kif1C. Thus, Kif1C-mediated integ-
rin transport is of crucial importance for rear adhesion and tail
stabilization.
Kif1C itself accumulates in trailing cell extensions. The front-
biased microtubule network in migrating epithelial cells (Miller
et al., 2009) would facilitate movement of any plus-end directed
motor to the cell front. So how does Kif1C specifically accumu-
late in the cell tail? There are two possibilities, Kif1C could be
specialized to walk on the rearward facing microtubules or
move along all microtubules and be anchored at microtubule
plus ends in the rear only. How could such a selective rearward
movement be regulated? It is possible that Kif1C’s localization at
the centrosome helps to make this choice as most microtubules
pointing to the rear originate at the centrosome (whereas
Golgi-mediated microtubules tend to all lead to the front) (Miller
et al., 2009). In addition, front-directed microtubules are known
to accumulate tubulin modifications such as detyrosination
and acetylation (Akhmanova et al., 2001; Gundersen and
Bulinski, 1988) and preferences of kinesin motors for modified
microtubules have been reported (Ikegami et al., 2007; Reed
et al., 2006). Thus, it might be possible that a rearward bias is
possible by a combination of loading at the centrosome and
favoring of unmodified microtubules. Future work into the
biophysical properties of the Kif1C motor will be required to
elucidate such a mechanism.
Interestingly, Kif1C also affects transport in the minus end
direction andwe see fast retrogrademovements of Kif1C leaving
the tail accumulation (Figure 4I), which are probably driven by
dynein or another minus-end directed motor. Motor cross talk
has been described for kinesin-3 family members and cyto-
plasmic dynein in the bidirectional transport in neurons of fly
and mice (Barkus et al., 2008; Uchida et al., 2009). It is thought
that motors of different directionality mechanically activate
each other to drive bidirectional transport (Ally et al., 2009).
Also the accumulation of Kif1C at the pericentrosomal region
and in the tail might be required for motor activation. It is thought
that kinesin-3 motors are monomeric and need to dimerize for
processive transport. Accumulation of motors appears to be
required for this activation through dimerization (Tomishige
et al., 2002). The accumulation of Kif1C in the integrin transport
hubs (in the tip of the tail where focal adhesion treadmilling
occurs and integrin endo/exocytosis must be high; and in the
perinuclear recycling compartment where reactivated integrins
are released for transport back to the cell membrane) ensures
sufficient Kif1C concentration to allow motor activation for bidi-
rectional transport to occur.
Our data are consistent with the followingmodel: Kif1C distrib-
utes a5b1-integrin within the cell and is particularly important for
delivery to the tip of long cell extensions. This activity is of crucial
importance to allow structural maturation of trailing focal adhe-
sions in response to contractile forces and this, in turn, is cruciallated distance for control and Kif1C-depleted cells in the presence or absence
FP-actin cells. Location of laser events indicated by white crosses. Migration
gle q between both directions for 78 cells is given in a rose plot (I). Scale bar,
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Figure 7. Model of Rear Steering during Cell
Migration
(A and B) Cells with tails support actin fiber
orientation (A) and the formation of stable
biochemical gradients (B) to support cell polarity.
(C) Tail phases in control and Kif1C-depleted cells
with timing based on experimental data as in
Figures 2I–2J. We propose a model whereby drag
produced by cell tails (left-facing arrows) estab-
lishes a force-feedback to promote front protru-
sion in the opposite direction (right-facing arrows).
Contracted cells after tail protrusion lose tail-
stimulated polarity (see also A and B).
(D) Trailing adhesions are formed during protru-
sion events at the cell rear and mature into focal
adhesions in response to actin-mediated forces.
Maintenance of the tail during cell locomotion and
controlled retraction of cell tails requires the
forward movement of trailing adhesions. This
occurs by a treadmilling mechanism that requires
the constant incorporation of integrin on the
forward-facing side and uptake of integrin that is
removed from the distal side of focal adhesions.
Bidirectional Kif1C-mediated transport of integrin
vesicles to and from the perinuclear recycling
compartment (dashed arrows) ensures a ready
supply.
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Kif1C in Cell Migrationto maintain cell tails and coordinate rear retraction with the
forward locomotion of the cell. A stable cell tail supports persis-
tent directional migration in the absence of exogenous signals. In
the absence of Kif1C, focal adhesions enlarge without increasing
their adhesion protein content in response to contractile forces.
Thus focal adhesions are weaker while at the same time high
forces build up at the rear of the cell. This will ultimately lead
to loss of substrate contact and result in frequent and rapid
retraction of cell tails and loss of cell polarity. Re-establishment
of polarity of such contracted cells often leads to a change in
migration direction. Our work elucidates the functional signifi-
cance of cell tails and gives mechanistic insight into the role of
Kif1C, a transport kinesin, in maintaining the directional persis-
tence of cell migration. Deregulating the coordination of rear
adhesion and forward locomotion disturbs cell polarity and is
likely to impact physiological processes that depend on persis-
tent directional migration during embryogenesis and immune
surveillance.
EXPERIMENTAL PROCEDURES
Cell Culture, Small Interfering RNA Transfection, and Rescue
Experiments
Human retinal pigment epithelial (RPE1) cells immortalized with hTERT
(Clontech) were grown in RPE medium (DMEM/F-12 medium containing
10% fetal calf serum (FCS), 2.3 g/l sodium bicarbonate, 100 U/ml penicillin,
and 100 mg/ml streptomycin) at 37C, 5% CO2 in a humidified incubator.
The RPE1 HR7 cell line (Samora et al., 2011) was maintained in RPE medium
supplemented with 500 mg/ml Geneticin (Sigma). The RPE1 PG6 cell line was
generated by transfecting hTERT RPE1 cells (Clontech) with paxillin-GFP
followed by selection with 500 mg/ml Geneticin (Invitrogen). Similarly, the
RPE1 Kif1C-GFP, EB3-tdTomato, and GFP-actin cell lines were generated
by transfection of pKif1CRIP-GFP, pEB3-tdTomato, and pGFP-b-actin,
respectively, and selection with 500 mg/ml Geneticin. Short RNA-mediated1164 Developmental Cell 23, 1153–1166, December 11, 2012 ª2012interference oligonucleotides (see Supplemental Experimental Procedures)
were transfected using Oligofectamine (Invitrogen) as per manufacturer’s
instructions and analyzed 48 hr after transfection. All small interfering
RNA (siRNA) treatments were validated by immunofluorescence or immuno-
blotting. Rescue experiments were done by cotransfection of rescue or
control plasmids together with the siRNA using Attractene (QIAGEN)
according to the manufacturer’s instruction and analyzed 48 hr after transfec-
tion. For transient expression of a5-integrin-GFP or GFP-Rab11, and fluores-
cently tagged Kif1C, cells were transfected using Polyjet (SignaGen Laborato-
ries) according to the manufacturer’s instruction and imaged after 16 hr
incubation.
Patterned Substrates
RPE1 PG6 cells were treated with siRNA for 48 hr, trypsinized, and seeded
onto CYTOO Starter’s chips coated with Alexa 647-labeled fibronectin
(CYTOO SA, Grenoble, France) 3 hr before fixation with 4% paraformaldehyde
(EMS, Hatfield, PA) in CBS (10 mM MES [pH 6.1], 138 mM KCl, 3 mM MgCl2,
2 mM EGTA, 10% sucrose). Chips were stained with Rhodamine-phalloidin
(Invitrogen) and DAPI (Sigma) and imaged using a Perkin-Elmer spinning
disk confocal microscope, a 603 1.4NA objective, 405, 488, 561, and
640 nm lasers and two Orca-R2 cameras (Hamamatsu) under the control of
Volocity software (Perkin-Elmer). Following a stage scan in DAPI channel
covering 864 patterns, 200 patterns occupied by a single cell were selected
and 12 z-planes spaced apart by 0.3 mm were collected. The bottom-most
frame with paxillin-GFP in focus was selected and image stacks compiled.
Image registration based on the Alexa 647-fibronectin image was done
using an ImageJ plugin provided by CYTOO (http://www.cytoo.com/
cytoo_images_analysis.php) to allow averaging of cells. Additional quantifica-
tions were done in Volocity and ImageJ.
Live Cell Imaging
For live cell imaging, cells were seeded into glass-bottom dishes (WPI) and
coated with 10 mg/ml fibronectin (Sigma), at least 2 hr prior to imaging. Cell
migration experiments were carried out either in RPE medium in a microscope
stage incubator (Tokai Hit) at 37C and 5% CO2 or in imaging medium (50%
Leibovitz L-15, 50% DMEM, 1 mM pyruvate, 12.5 mM HEPES [pH 7.4],
100 U/ml penicillin, 100 mg/ml streptomycin, 10% FCS) in a climate chamberElsevier Inc.
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Kif1C in Cell Migrationat 37C. Imaging was performed on a personal Deltavision microscope
(Applied Precision, LLC) using mCherry or GFP filter sets (Chroma) and a
Coolsnap HQ camera, controlled by Softworx (Applied Precision, LLC) or
a Perkin-Elmer UltraView spinning disk confocal system using 488 and
561 nm lasers and two Orca-R2 cameras (Hamamatsu) under the control of
Volocity software (Perkin-Elmer).
Migrating RPE1 HR7 cells were imaged every 3–10 min for 6 hr using a 103
objective using bright-field and mCherry filters. Tail length was measured
from bright-field images as the distance from the tail tip to the rear edge of
the nucleus and cell position was determined as center of the nucleus. To
determine focal adhesion dynamics, RPE1 PG6 cells were imaged every
90 s for 90 min or every 30 s for 60 min on the Deltavision using a 60x NA
1.4 oil objective. Individual adhesions were outlined manually using Image-
ProAnalyzer software (MediaCybernetics) to determine area and mean inten-
sity over time. To measure focal adhesion movement, PG6 cells were imaged
every 3 min for 120 min using the spinning disk setup or every 90 s for 90 min
on the Deltavision, and trailing focal adhesions were tracked manually using
ImageProAnalyzer. Colocalization of a5-integrin-GFP or GFP-Rab11 with
Kif1C-mCherry was imaged simultaneously using dual-camera mode on the
spinning-disk. To quantify integrin traffic, a region in the tails of RPE1 cells
expressing integrin-a5-GFP was bleached as indicated in Figure 5H using
the 488 nm laser to remove background fluorescence. Subsequently, images
were acquired every 700 ms for 90 s. Kymographs were generated from
parallel 19 pixel wide lines that completely covered the areas highlighted in
red in Figure 5H using an ImageJ plugin by Arne Seitz (http://biop.epfl.ch/
IP_KYMOGRAPH.html). Motility speed and run length were determined by
tracing individual vesicles in kymographs. In laser ablation experiments, cell
tails were detached from substrate by ablating retraction fibers around the
tail using full power of 405, 561, and 640 nm laser lines focused in diffraction
limited spots. Usually seven retraction fibers were cut per cell (locations of
laser events are indicated in Figure 6H). Tail retraction was recorded by
imaging every 10 s for 1 min and repolarization was recorded by imaging
every 10 min for 1 hr. Angle deviations of cell polarity axis before ablation
and after repolarization were measured in ImageJ and plotted in a rose
diagram using OriginPro 8.5 (OriginLabs).
See also Supplemental Experimental Procedures.Cell Tracking and Track Analysis
Cells were tracked semiautomatically using ImageProAnalyzer. Cells that
underwent mitosis or apoptosis during imaging were excluded from the anal-
ysis. Persistence length, Euclidian, and accumulated distance were calculated
using a custom-made C-program that is available together with documenta-
tion on our website (http://mechanochemistry.org/straube/). For each part of
the track between points i and j, described by position vectors~ri and~rj , and
with an accumulated distance along the track between these points cij, the
persistence length was calculated as aijðcijÞ=~bi$~Rij . ~Rij =~rj ~ri is the vector
from position i to j. The unit vector of the starting direction ~bi is determined
by averaging over nav = 4 subsequent points, i.e., 30 min migration time ac-
cording to ~bi = ~b0=j~b0jwith ~b0 =
Pi + nav
k = i +1
~Rik . The accumulated distance is given
as the sum of step lengths between i and j: cij =
Pj
k = i +1 lk with the step length
lk =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðð~ri ~ri1Þ2Þ
q
. To improve the statistics of the data, the analysis was
repeated with each, but the last four points on each track serving as starting
points. The resulting aij (cij) were recorded in a 2d-histogram with 10 mm bin
widths for persistence length and accumulated distances. As straight moving
cells are more likely to leave the field of view than turning cells, we equally
weighted the data from each track. To do this, histograms for each track
were normalized for each bin of accumulated distance before adding the histo-
grams from all tracks and normalizing again. The results were plotted as
contour diagrams using OriginPro 8.5 (OriginLabs). The diagrams therefore
show the probabilities for observing a certain value of persistence length for
a considered accumulated distance. As a second persistence measurement
the ratio of Euclidian distance to accumulated distance was plotted over
time. So for all combinations of two points on a track, we calculated Eij as
Eij =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð~rj ~riÞ2
q
and divide by the accumulated distance cij as above. We plot
the decay of E/c over time and report the mean and SEM of the curves from
three independent experiments.DevelopmentaSUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, three movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2012.11.005.
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